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Revealingmelt flow instabilitiesin laser powder bed fusionadditive manufacturing of

aluminum alloy via in-situ high-speedX-ray imaging

Abstract

Laser metal additive manufacturingchnologies enable the fabrication of geometrically and
compositionally complex parts unachievableconventional manufacturing methods. However,
the certification and qualification of additiveipanufactured partare greatly hinderedy the
stochastienelt flow instabilities intrinsic to the processhich hasotbeen explicitlyrevealedy
direct observatiorHere,we report the mechanisof the melt flow instabilities in lasgrowder
bed fusion additive manufacturingrocess revealed by -Bitu high-speed highresolution
synchrotron Xray imaging We identified powder/droplet impact, significant keyhole oscillation,
and meltingmode switching as three major mechanisms for causing mettifilstabilities. We
demonstrated the detrimental consequerafethese instabilities brought to the proceasd
projectednew understanding on the melt flow evolution and keyhole oscillalibis work
provides critical insights intoprocess instabilities durintaser metaladditive manufacturing,
which may guidethe development ahstability mitigation approaches. The results reported here

are also important fahe development and validation bigh-fidelity computationamodels.
Keywords

Additive manufacturing, laser processing, melt flow, synchrotreaydmaging

1. Introduction

Laser metal additive manufacturing technologies have the potential to revolutionize
manufacturing industry by enabling the fabrication of geometricallycangositionallycomplex
parts unachievabléy conventional manufacturin methods[1i 3]. To fabricate parts with
desirable and predictable quality, extensresearchhave dedicated to correlate thgrocess
dynamics (melt pool variatiof4,5], pore formation[61 8], spatter generatiof®,10], keyhole
oscillation[111 13], etc.) with theprocessing condition¢aser power, scan spedxam sizegtc.),

inan efforttoe st ab |l i s h @etof paampetersomrodueadparts with less defects and
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higher density[14i 17]. However, thereare uncertaintiesntrinsic to thelaser metal additive
manufacturingprocessvhere someinstablephysical dynamicare nottightly bondedo specific

processing conditiongl6i 20]. Such instabilites posegreat uncertaintyo the qualification and
certification of tke additivelymanufactured parf@0i 22], which requireexplicit characterization

throughdirect observation

To investigate the process instabilities, it is essential to trace the transient melt flow behavior

inside the melt podl the direct product of lasenatter interaction-iowever the opacity ometals
to visible lightposes gredtarrierin direct observatin of the molten metals within theelt pools.
To overcomethis challenge,acent research Bapplied synchrotron radiation bageesitu X-ray
imagingto observe the physical dynamics within me{&l$,10,23 26]. By in-situ X-ray imaging,
thelocalizedmelt flow behaviorwithin a laser induced metallic melt pamuld be inferredrom
the movement opores generated during the procfs26,27] The regular meltlow patterns
within the whole melt pool havaso beerstudiedusing tungsten particles as flow tracfg23
25].

Limited researchhas been onducted toward »perimental investigationson melt flow

instabilities In blown powderdirected energy deposition (DED) additive manufactupragess,

it was reported that thenpact of feeding particles can causelt pool surfacdluctuations,
generate pordty, and cause keyhole oscillatiof26]. In laser powder bed fusion (LPBF) additive
manufacturing process, it was reported thgh laser scan speeds dadje powder layer thickness
can cause unstable melt flow, which could lead to rough sufesie[28]. The melt flow behavior
was inferred by the morphology of solidified track, as wellhespowder spatterindgpehavior.
Recentresearch using isitu X-ray imagingto monitor the LPBF process has reporsederal
defectformation mechanismsesulting fromunstable melt flow behavior or depression zone

fluctuations, although thenstable meltlow behavior itself was not characteriz@d].

Computational modeling work has also been performed to studypetidlow instabilities In
general, the studiefocused on two aspects: thenstability formation mechanism and the
consequencesf the instabilitieson the process Surface tension variation was identified as a
source ofmelt flow instabilities, as surface tension is one of the ndjeing forces for liquid
migration. The surface tension fluctuations could be induced by both improper processing

parameters (such as hatch spag¢B@]) and chemical composition variations (such as increased
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oxidation level[31]) . The inhomogeneous powder packing in the LPBF powder bed also serves
as a souge to disturb the melt flow by cutting off the liquid migration at the lgueseking region,
resultingin part defects such as porosity and bal[B2). As for the consequencable melt flow
instabilities have been reportedd®accountable for thereakup of melt tracks (Plate®ayleigh
instability), trap of gas poresand creahg denudation zone around the keyhole duaring LPBF

[33]. Other melt flow induced processnstabilities such as liquid ejection armkriodical
oscillations of keyhol&ave also beedemonstratetdy high-fidelity simulations[11,34,35]

So far,in-processexperimentatharacterization athe melt flow instabilitiesduring LPBFhas
not been reportedin the present wotkve report the melt flow instabilitiegithin aluminum melt
pools duringlaserpowder bed fusion processvealed byn-situ high-speed, higtenergy, high
resolution synchrotrorX-ray imagingwith uniformly dispersedoopulous micretracers.We
investigate the mechanisms for causihgeemajortypes ofmelt flow instabilities andyquantify
the influence otheseinstabilities in both local scale and global sc&l&e also demonstrate the
detrimental consequences that tinstabilities exert to the process. Inspired by the results, we
furtherelaborateour new understandings on the megisas of keyhole oscillation and melt flow

evolution.
2. Methods and Materials
2.1 In-situ laser melting X-ray imaging experiment

We used irsitu lasermelting X-ray imaging to monitor the dynamics of melt flow inside the
melt pool during laser melting/scanning on an aluminum powder bed, as schematically illustrated
in Fig. 1(a). The powder bed was composed of a metal substraten.3hick along Xray
transmission direction), a manuablpread powder layer with 1@0n thickness, and two glassy
carbon walls for holding the powder.v&rtical Gaussiadaser beamvith a 1/& diameter of ~100
em scans the powder bed to create a moving melt. pdw laser is a 1070 nm wavelength,
continuouswave, singlemode, ytterbium fiber laser (YLBOGAC, IPG Photonics, USA),
positioned by a galvo scan head (IntelliSGABO, SCANLAB GmbH, Germany). Duringi$er
scanning, a stationary higinergy synchrotron Xay beam (at beamline 3B of Argonne
Nati onal Laboratoryés Advanced Photon Source)
direction. The transmitted -Xay beam carrying melt flow informatiowas converted by a
scintillator (LUAG:Ce) into visible light, which was recorded by a ksglkeed camera with a frame

4
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rate of either 140 kHz or 50 kHz, and a spatablution of 1.9&m per pixel.Therefore, kthe

physical dynamics were projected on @ Bnaging planeAluminum alloy feedstock powder
(AlSi210Mg and Al6061were uniformly mixed with 1 vol.% flow tracers ¢n tungsten particles)
by ball milling to trace the melt flow, as schematically illustrated in Fig. T{b¢. powder size

distributionof aluminum feedstocks after ball millingskown in Fig. 1(c).
2.2 Materials

Two aluminum alloys were used in this work: AlSi10Mg aneé6Ab1.Aluminum alloys were
chosen for their high Xay transparency. AlSi10Mg alloy, as one of the most widely used alloy in
additive manufacturing, has enhanced laser absorption by the enriched Si[@&jidriterefore,
AlSi10Mg was used in this work to study the melt flow in relatively large melt pools (keyhole
mode and transitiemode). Al6061, as a common aluminum alloy on market, has low laser
absorptivity. It was used to investigate the dynamics in condugtmie melt pool or the incidents
that are sensitive to laser absorption.

The alloy substrates with dimensions of 40 mm x 3 mm w®x&or in-situ X-ray imaging were
prepared by wire electrical discharge machining (wire EDM). The dimension alemy X
incidence is 0.5 mm to ensure betteray transparency. The surface of the substrategnasd
by 400grit sand paper to remove angntaminations. The aluminum powders were uniformly

mixed with 1 vol.% tungsten micyparticles (5em) as fbw tracers by ball milling.
2.3 Surface morphology daracterization

Scanning electron microscopy (SEM) was performed on a Zeiss1330 field emisson
scanning electron microscofeobserve the solidified track surface morphology. The sample was

pretilted to 60°with respect to the electron beam for better observation dfeble height.

The surface profile of the solidified track were measurmia VHX-5000 Digital Microscope
(KEYENCE Corporation of Ameriga

2.4 Melt flow tracing approach

The speedv) of a tungsten tracer was calculated by dividing its displacefdgny its traveling
time (t), v=dit. The tr acer 6 sd) was sacllated gianits nwdimepsional(2D)
coordinates changep(x= [x2 - x1| , =gy yi|) from one frame to the next frame in @@ X-ray
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image planesvhered=  (C+px §4. Thetungstert r acer 6s travelling t
between two frames, determined by the recording frame rdte ¥fray imagingvideo (50 kHz
or 140 kHz in the present work).

To examinewhetheraddingl vol.% tungsten particégo aluminum powder bedould change
the laser absorption behavior, we conductedasermeltingexperimentsisingdifferent powder
beds buidentical laser processing conditions (364 W, 0.5 m/s). The resultksptayedin Fig.
2. As shown inFig. 2(a) AlSi10Mg powder mixedvith 1 vol.% tungsten partickegenerateca
keyhole (laser induced vapor cavity) depth 200 £ 24em (averagd over 100 framg). The
keyhole generated with pure AlISi10Mg powder leatlibited an average depth of 197 &3,
as shown irFig. 2(b) which isonly 1.5% smaller thathe keyhole deptlyeneratedvith mixed

powderbed Thereforethe influence of 1 vol.% tungstem laser absorption is minah

In addition to thdaser absorption, it hassobeen reportedhat adding 1 vol.% of tungsten
particles to the aluminum feedstod&es not have significant impact on hteysical property of

the aluminum melt podR3]. Thus, it is feasible to ustungsten microparticless flow tracers.

(@) (b)  Aluminum
(99 wt.%)
Laser beam

X-ray imaging

system Ball milling
_|_

Tungsten (5 em)
(1 vol.%)

Melt pool

C
Powder bed ©  7of I Al6061
I AlsiloMg
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Fig. 1. Method for in-situ melt flow mapping experimenti@) Schematic illustration of the
experiment setup for-My imaging of laser powder bed fusion proc€by Powder preparation
method for melt flow tracing. The feedstock aluminum powasrmixed with 10l.% tungsten
particles by ball milling.(c) Aluminum particle size distributions of the feedstock Al6061 and
AISi10Mg powder after ball milling with tungstearticles. The distribution calculation did not
include aluminum particles smaller thared or tungsten patrticles.
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Fig. 2. Comparison of keyhole deptturing laser melting of AISi10Mg + 1 vol.% tungstenixed
powder and pure AISi1l0Mg powdelhe laser processingonditions are identical for the two
experiments364 W laser power, 0.5 m/s scan speed

2.5 Definition of laser melting modes

The laser power and scan speed were varied to realize three major melting modes during the
investigation of melt flow instabilities, including keyhole mode, conduction mode, and transition

mode.There are two major approacheglistinguish different meltig modes.

Oneof the approaches based ormphysics[37,38} Keyholemode melting is dominated by
convective heat transfegonductioamode melting is dominated by heat conductiarile

transitionmode meltings in between of thkeyhole mode and conduction mode.

The otherclassification approadls based on geometf#]: A keyholemode melt pool contains
large melt volume with a deep depression zone induced by intensive vaporization of materials. The
aspect ratio (W/2)/D (half witdt over depth) of the depression zone is usually less than 1. A
conductioamode melt pool forms under low laser radiation, thus contains small melt volume
without having a depression zone. A transiioade melt pool is created under conditions
between keyble-mode and conductiemode laser melting, with a slightly larger (or similar) melt
volume than conductiemode melt pool, yet still holds a depression zone with an aspect ratio of

(W/2)/D > 1.In the present workye took the second approach to defireeliser melting modes.
3. Results

We identified three major mechanisms for causing melt flow instabilities during laser processing,
i.e., powder/droplet impact, significant keyhole oscillation, and meltmgle switching. The

influences of these instabilities on the melt flow behavior are demonstrated below.



187 3.1 Powder/droplet impact induced melt flow instability

188 The flowable powderasthe core and unique element in the dominating powdsed laser
189 metal additive manufacturing technologiesables great fletility for process design, but also
190 brings frequent disturbanseto the procesg$l13]. Herein, we report two types of melt flow

191 instabilties induced by the powder.

192 3.11 Local instabilityinduced by powder/droplet impact

193 In laser metaadditive manufacturignprocess, a lase&iriven proceedingnelt pool continuously
194 captures the powder on the powder bed to grow into akpawever,the incorporating powder
195 can be large in sizémore thanthree times larger than the feedstock powdedue to
196 agglomerations or merging of small dropl&tke impact of large powder clusters or dropiets
197 amelt poolwith large melt volume (i.e. keyheleode melt poolxrould locally disturb the regular

198 meltflow pattern,aselucidated irFig. 3 (and Supplementary Video.1)

lmpaciingj
<\ &« droplet

199

200 Fig. 3. Powder/droplet impact induced local melt flow instabilitfai d) X-ray images showing
201 the melt flow change during a droplet impacting to keynaodele melt pool. The laser power is
202 312 W with a scan speed of 0.6 m/s. The material is AlSil@Wyg.Schematic illustration of the
203 melt flow change iai d).

204 Figure 3(ai d) display Xray images where a melt pool moves from left to right in the field of
205 view. Yellow dashed lines marked the melt pool boundaries. The laser is invisible in the view,
206 whereas itdocationwas indicated by the moving keyhole. The flow tracersewarcled with
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arrows pointing out their instant moving directions. By connecting the movements of individual

tracers, the melt flow patterns were deducted and schematically exhibitigd 3(ei h).

During an impact, the droplet transfers kineticrggeand potential energy into the melt pool,
locally alteringthe original flow direction §ig. 3(a,€)) into the droplet momenturdirection ig.
3(b,f)) at the impact locatiahe collision betweeforeignflow (carryingliquid from thedrople)
and the original flow(carrying liquid from the melt podl exhaustedhe impact energy and
dampened the droplet impatom spreading furtherThe downward flows 1 and 2~{(g. 3(f))
collided at the keyhole bottom and formed an upward flowig. 3(g)), pushing the keyhole
bottom surface upward till the depression almost vanisiégl 8(d,h)). Although keyhole
vanishing is momentary, it can reduce the local laser absorption and cause undesired energy

fluctuationin theprocesg4].

3.1.2Global instabilityinduced by powder/droplet impact

Compared witlthe abovekeyholemode laser melpool, a conductioamode laser mélpool
contains much less liquid volume, which cannot efficiently dampen and confine the

powder/droplet impact within a local regioRather, themelt flow instability brought bythe

impacton conductiormode melt poois globaland more detrimentaks demonstrated Fg. 4.

200 W — Striking moment

0 300 800 900

Time (us)

Fig. 4. Powder/droplet impact induced global melt flow instabilifgi c) X-ray images showing
the melt flow change during a droplet impacting to condueatmale melt pool. The laser power
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is 312 W with acan speed of &m/s. The material is Al606(d) Effect of droplet striking on the
melt pool length development as a function of ti@eX-ray image showing the profile of the
solidified melt trackesulting fromdropletimpact.(f) SEM image showindné solidified track at

the same region as ie)( (g) Surface profile of the solidified track at the same imaging area as in
(e) and ).

During an impact, as shown kig. 4(a), two droples togethercarrying a liquid volume nearly
onethird of aconductioamodemelt pool stuck on thefront melt pool surfaceTheimpactbroke
the original regular flow pattern in tiholemelt pool| as evidenced by thieversed flow direction
at the reabottom of melt poglwhich changeérom movingforward(Fig. 4(a)) to backwardFig.
4(b)). The surfacdevel at the rear melt pool was kicked up by the strikiig. 4(b)) andrapidly
solidified as it ig(Fig. 4(e,f)), adding up to theurface roughness of the-pignted layer Surface
profiling measuremenh Fig. 4(g) showsthe elevated track heigldan be 5@ m-higher than the
average solidified track heighthe impact droplet alsacreaseshe volume of liquid metal in the

melt pool| leading to thenelt poolelongation, as shown fg. 4(c)

Large powder/droplempactis not an occasional event in laser metal additive manufacturing
processWe quantified the strikinghcidenceby evaluating the melt pool length changel200
€s during laser scanning, as showikig. 4(d). Within the first600¢s, we observetbur striking
evens, leading to a continuous elongationtleé melt poolfrom ~200em to 434em (over 100%
increase)We noticed thathe dropletstriking event did nokelongate the melt pool immediately
The elongation usuallgccurs20-60 €s after the striking, because the striking liquid takes time to
travel along the melt pooNo strking eventhappenedor the remaining00¢s (from600¢s to
1200 ¢s inFig. 4(d)), during whichthe melt pool length gradually recovered to thiginal size
This result demonstrasdhat the powder/droplet striking occurs frequently and randaiuting
laser scanning, which brings uncertainty to the qualification of additively manufactured parts

3.2 Significant keyhole oscillation induced meltflow instability

3.2.1Local instabilityinduced by significant keyhole oscillation

The melt flow patterrs aroundthe keyhole arenhighly dependent on the keyhole behavibr.
significant keyhole oscillation with aamplitude over twice as large as the origkeyholesize
canoverridethe original flow pattersat adjacenareas

10
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When a significant keyhole oscillation happens, the liquid at the rear keyhole wall was pushed
backwardto formasurfacewave as fiown by the Xray images irFig. 5(a,b) and the schematic
illustrations inFig. 5(ef). The wave front | fig. 5(f)) squeezed the rear rim of the keyhole to
generate a protruding surface wave, which propagated baclagaidst the laser scanning
direction.Aside from the main surface wayas shown irFig. 5(b), a secondary wavaossibly
locatingat the side of the melt tratrmed afterward, as displayedrig. 5(c)andSupplementary
Fig. 1L The possible configuration thatcould causeoverlaying contrasin X-ray imagesis
demonstrated isupplementary ig. 2. The liqud beneath the surface waget compressednd
spread awayo a broader areaith a speed of ~0.6 m(sneasured by tracing the displacement of
wave front Il inFig. 5(g,h)). With the spreading ofompressed waydhe liquid metalat the
affected areanoved along the wave propagating direction temporarilylewthe original flow

pattern vastemporarily erased and overridden.

Fig. 5. Significant keyhole oscillation induced local melt flow instabilitfai d) X-ray images
showing the melt flow change during a significant keyhole oscillation event. The laser power is
364 W with a scan speed of 0.6 m/s. The material is AlSil@Wyg.Schematic illustration of the

melt flow change iai d).

3.2.2Global instabilityinduced by significant keyhole oscillation

A global effect takes place when a significant keyhole oscillation occurs in a modamate
keyholemode melt pool or a transitemode melt pogl as shown byFig. 6. Initially, the
oscillation created a backwardoving wavethat compressed the liqulsehind the keyholeas
shownin Fig. 6(b,e), which issimilar to the event iifrig. 5. However, different frontig. 5, the

compressed liquid didot spread far before it touchtdwe bottom of the shailv melt poo] where
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